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The spin character of the states at the top of the valence band in doped La2−xSrxCuO4 (x ¼ 0.03, 0.07,
0.15, 0.22, and 0.30) has been investigated using spin-polarized resonant photoemission. A clear Zhang-
Rice singlet (ZRS) is observed at all doping levels. Its stability and polarization are preserved as a function
of doping, suggesting that the concept of the ZRS can be used across a wide doping range and up to the
metallic nonsuperconducting overdoped regime. The results are significant for theoretical models that use
the ZRS approximation and for the understanding of the peculiar interplay between the ZRS and the
remaining localized spins.
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Understanding high-temperature superconductivity in
the cuprates [1] is still one of the outstanding problems
in solid state physics. Much progress has been made in
determining the electronic structure of the parent com-
pounds, which are found to be charge-transfer Mott insula-
tors [2]. Some years ago, it was shown that the concept of
Zhang-Rice singlets [3,4] was useful in describing the hole
states in cuprates in the framework of the single-band
Hubbard model [5] or the t − J model [6–9]. The Zhang-
Rice singlet (ZRS) is the two-hole state formed by pairing
the spins of, respectively, a hole in the Cu 3dx2−y2 orbital and
a hole distributed over the oxygen ligands in an antiparallel
configuration. The existence of the ZRS was first demon-
strated experimentally using spin-resolved resonant photo-
emission for CuO [10,11] and, subsequently, for optimally
doped Bi2Sr2CaCu2O8þδ [12–14].
Although the ZRS model is often justified in the low
doping limit, there is an on-going debate as to whether it is
valid with increasing doping. Conflicting results have been
obtained using oxygen K-edge x-ray absorption spectros-
copy (XAS) [15–18]. A saturation of the intensity of the
doping dependent XAS edge feature for a doping level
above 0.21 was interpreted by Peets et al. [18] as a
breakdown of the ZRS approximation, leading to the
inapplicability of single-band Hubbard models in the
overdoped regime. This generated significant debate
[19–22] both in the interpretation of the data and the
conclusions. Although similar saturation effects have also
been reported in some photoemission experiments
[15,23,24], recent XAS experiments [17] have shown that,
up to a doping level of x ¼ 0.22, there is no saturation of
the intensity of the XAS feature, leading to the conclusion
that the Zhang-Rice model is valid over the important
doping regime covering the whole superconducting dome.
As for theoretical aspects, some calculations of the oxygen
K-edge XAS [25] led the authors to conclude to a failure of
the entire three-band model, while others using large-scale
exact diagonalization of the three-orbital Hubbard model
[22], concluded that there is a continued relevance of the
ZRS even in the overdoped regime. Theoretical work
discussing resonant inelastic x-ray scattering (RIXS) results
on magnetic excitations for doped cuprates [26] also
suggests a possible failure of the ZRS picture away from
the underdoped regime. There are suggestions of destabi-
lization of the ZRS at optimum doping in the modeling of
angle-resolved photoemission spectroscopy (ARPES) data
[27], and others [28] have shown that there can be com-
peting configurations for the lowest energy which might be
preferred to the ZRS. Having more direct evidence for the
breakdown or validity of the ZRS approximation is highly
important for theoretical models describing the electronic
structure and superconductivity in high-temperature super-
conductors [22,29] as well as for experimental work which
often assumes its relevance [30,31].
The objective of the present experiment was to verify
whether or not the ZRS concept could be applied to doped
cuprates, from the underdoped to the overdoped com-
pounds. Strontium doped lanthanum copper oxide was
chosen because of the simplicity of the single copper
oxide layer and the minimal structural changes with
doping which allow samples to be compared across the
series [32].
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The basic assumption of our experiment is that the
removal of one electron at the Fermi level by the photo-
electric effect is equivalent to chemical doping [4].
Furthermore, by using resonant excitation, we can select
Cu electronic states of initially undoped sites only [10,11],
Fig. 1(a). This 3d9 copper site is chosen by tuning the
energy of the x-rays to the L3 peak in the absorption
spectrum, Fig. 2. An electron is excited from the 2p3=2
spin-orbit split core states. In the intermediate state (i.e.,
2p53d10), the core hole preserves the memory of the 3d
hole original spin direction, which has been selected by the
sign of the circular polarization of the absorbed photon,
Fig. 1(b). In this way, the intermediate state will decay via a
2p3d3d Auger process that restores the initial spin for one
hole via the 3d to 2p transition and adds one extra 3d hole
having spin either parallel or antiparallel to the initial one,
therefore, leaving a triplet or singlet 2p63d8 final state,
respectively, Fig. 1(b). So, by measuring the spin polari-
zation of the emitted electron, one can determine whether
the two-hole final state is a triplet or singlet state. This 3d8
final state is hybridized with the two-hole state formed with
a hole on the copper and surrounding oxygen sites (i.e., the
ZRS state). The 3d8 contribution to the state is <7% but,
due to the strong resonance (≈ ×100), this allows one to
probe the ZRS state. The two-hole final state produced in
this way is equivalent to that produced by chemical
doping [10]. The neighboring copper sites will be more
or less doped depending on the sample doping level.
Consequently, the experiment generates a doped site in
the presence of other doped sites. By measuring a series of
samples with increasing doping, one can determine how the
electronic structure, including its spin character, changes
with doping. The details of this method can be found in
Refs. [10–14].
The La2−xSrxCuO4 (x ¼ 0.03, 0.07, 0.15, 0.22, 0.3)
(LSCO) single crystals were grown by the traveling-solvent
floating-zone method and annealed so that the oxygen
content became stoichiometric. The underdoped sample,
x ¼ 0.03, is insulating, those with x ¼ 0.07, 0.15, and 0.22
are superconducting, and the overdoped sample, x ¼ 0.3, is
metallic without being superconducting. The growth details
and sample characterization are described elsewhere
[33–35]. The present results were obtained from the
cleaved surfaces of crystals that were characterized by
ARPES [36–38]. ARPES showed a systematic evolution of
the Fermi surfaces up to the doping level of x ¼ 0.30
demonstrating the high quality of the samples.
The x ¼ 0.3 sample was cleaved with a cleaver at room
temperature. The other samples were post-cleaved at low
temperature. All samples were cleaved for each measure-
ment and measured at a temperature <40 K. The exper-
imental chamber pressure remained in the low 10−10 mbar
range, and the samples showed no sign of degradation
during the measurements. Each sample was measured
several times during at least three separate experiments.
The experiments were carried out at the ID8 helical
undulator beam line of the European Synchrotron
Radiation Facility, which provides almost 100% linear
and circularly polarized light. The experimental geometry
(a) (b)
(c)
FIG. 1 (color online). (a) A schematic showing an antiferro-
magnetically ordered CuO plane. The energy and the circular
polarization of the incident x-ray photons select undoped copper
sites and their prevalent spin orientation, respectively. (b) A
simplified energy diagram showing how singlet and triplet two-
hole final states are distinguished by the spin of the photoemitted
electron. (c) The experimental geometry for the spin-polarized
resonant photoemission experiments [39].
FIG. 2 (color online). The polarized (E⊥c) XAS of the O K
edge and Cu L3 edge of LSCO measured at low temperature as a
function of doping x. The upper panel inset shows the maximum
intensity of the lowest energy feature in the oxygen K-edge
spectrum as a function of doping.
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is shown in Fig. 1(c). For the resonant photoemission
measurements, the energy of the circularly polarized x-rays
was tuned to the peak of the Cu 2p3=2ðL3Þ photoabsorption
white line (hν ≈ 932.2 eV), Fig 2. The photon beam was at
normal incidence to the sample, along the c axis of the
crystal. The energy of the photoemitted electrons was
analyzed using a hemispherical electron analyzer, with
an angular acceptance of 20°, mounted at a 60° angle
relative to the incident light. The spin polarization of the
energy resolved electrons was then analyzed using a mini-
Mott spin detector [39]. The spin sensitivity of the detector
is given by the Sherman function which was 0.17 at 25 keV
electron scattering energy and was calibrated using the spin
polarization of the 1G peak from a CuO reference sample.
The total energy resolution, including monochromator and
analyzer, was ≈0.7 eV. To eliminate instrumental asym-
metries, as well as the effect of possible drifts in the
experimental setup, all spectra were collected with both
light helicities and in alternating order. Any difference in
detection efficiency between the two spin channels is, thus,
eliminated.
The copper L-edge and oxygen K-edge XAS were
measured in total electron yield at normal incidence, with
linear polarized light and used to verify the quality and the
reproducibility of the different cleaves. The energy reso-
lution was 0.45 eV (0.16 eV) at the copper (oxygen) edge.
Figure 2 shows the oxygen K-edge and Cu L3-edge XAS
for the five doping cases measured. As in a previous work
[18], the spectra were normalized against each other using
the energy ranges below and well above the main peak. The
energy of the peaks was calibrated against earlier work
[16]. A monotonic increase in the amplitude of the oxygen
prepeak is seen as a function of doping, in agreement with
C. T. Chen et al. [16]. However, the saturation in intensity
for x ≥ 0.21 reported by Peets et al. [18] is not observed
with our samples, although the intensity increases more
slowly than would be expected from a purely linear
dependence [40]. This is consistent with recent results
from Y.-J. Chen et al. [17]. Our measurements at the Cu L
edges also show a monotonic increase of the shoulder
above the edge with doping as in Ref. [16].
Figure 3(a) shows the valence band of LSCO (x ¼ 0.03)
measured at the Cu L3 absorption maximum. The position
of the Fermi level (EF) was determined by measurements
from a gold or silver foil in electrical contact with the
sample. With the photon energy tuned at the Cu L3 peak,
the final state of the absorption process is dominated by the
2p53d10 state. In Fig. 3(a), the main contributions to the
spectrum come from the 3d8 final state with 1S, 1G, and 3F
character [10,11]. Figure 3(b) shows the spin polarization
around the 1G peak and the EF region. The high spin
polarization across the 1G peak is consistent with its almost
pure singlet character, which would give 83.3% spin
polarization [10]. Likewise, the large spin polarization in
the EF region is indicative of a singlet state, a ZRS, as is
seen in other cuprates [10,12–14]. The inset in Fig. 3 shows
the photoemission spectra in a 4 eVenergy window close to
EF. Using the spin-polarization spectra, such as that shown
in Fig. 3(b), together with the expected spin polarization for
singlet and triplet final states, the spectral intensity is
separated into the singlet and triplet contributions [42]. The
state within 1.0 eVof the EF is largely of singlet character
and is separated from the triplet states by about 0.6 eV as
shown in the inset of Fig. 3. In order to investigate the
stability of the ZRS, we have measured the spin-polarized
spectra in the EF region for x ¼ 0.03, 0.07, 0.15, 0.22, 0.3.
The upper panel of Fig. 4 shows the spin-integrated
intensity close to EF for the five cases. The results shown
in Fig. 4 are all coming from data taken during the same
experimental run. Data taken in different runs or cleaves
give consistent results within the error bars. The intensity
was normalized to 100% at 2.34 eV binding energy for all
curves. The shape of the structure close to EF and the
degree of polarization are similar in all cases. For a more
precise comparison, each spectrum is divided into three
regions: the plateau close to the EF, where the intensity of
the singlet state is dominant (polarization ≈ 60%), a sloping
region where mixing between the singlet and the triplet
state occurs, and a lower plateau where singlet and triplet
states have similar intensities (polarization ≈30%) as
shown in Fig. 3. The limits of these three regions are
characterized by points A and B, which are shown as arrows
for the case x ¼ 0.03 in Fig. 4. Figure 5 shows the binding
energies corresponding to points A and B for each doping
level. Averaging over x, the binding energies are, respec-
tively, 0.60 0.09 eV for point A and 1.48 0.09 eV for
point B. To the precision of our measurements, all samples
FIG. 3 (color online). (a) Spin-integrated circularly polarized
L3 resonant VB photoemission spectrum of LSCO for x ¼ 0.03.
(b) Spin polarization across the 1G and EF regions of the
spectrum in the upper panel. The inset shows the spin-integrated
VB photoemission spectrum close to the EF as well as its singlet
and triplet components derived using the spin polarization shown
in the lower panel [41].
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have the same binding energies for characteristic points A
and B. Point A is of particular significance, because it
corresponds to the bottom of the triplet states below which
the near EF states are dominated by the singlet. The energy
spacing between point A and the EF is seen in Fig. 5 to be
≈0.6 eV, meaning that the separation between the triplet
and singlet states is at least 0.6 eV, a significant value. Point
B defines the start of the region over which the singlet and
the triplet states are almost equally mixed. Figure 5 also
shows the data corresponding to the spin polarization
averaged over an energy window of 0.6 eV just below
EF, which we expect to represent the singlet state. The
corresponding spin polarization of both the 1G and the ZRS
peaks are essentially constant with doping, and this serves
as an internal check of data consistency.
The present Letter contributes significantly to the long
standing debate on the robustness of the ZRS against
doping as it directly probes the presence of singlet states by
measuring their spin polarization. The measured degree of
spin polarization is evidence that the state close to EF is
mostly of singlet character. Also, as a function of doping,
the data show little change in the spin polarization close to
EF and the triplet-singlet energy separation is essentially
unchanged. Therefore, our results indicate that there exists
a singlet state stable with doping, providing the first direct
evidence that, for LSCO, the ZRS model is valid for the
entire region of doping where the superconducting dome
exists. Indeed, we show that, even for x ¼ 0.3 (where the
sample is no longer superconducting), there is not a
sufficient modification of the underlying electronic struc-
ture to destroy the singlet state close to EF. This conclusion
is of general importance since the ZRS concept is used for
the interpretation of experimental results as well as for
theoretical models used to describe the electronic properties
of the cuprates. As discussed in Ref. [22], several theo-
retical models remain consistent with the results presented
here, either the single-band Hubbard model implemented
by cluster dynamical mean-field theory calculations, or a
three-orbital Hubbard model implemented through large-
scale exact diagonalization. Interestingly, our findings are
consistent with a recent RIXS study [43] which shows that
magnetic excitations persist across the entire doping range
considered here. This means that, since the top of the VB is
dominated by the ZRS even in the overdoped regime, most
of the doped holes locally form the ZRS with the Cu spins,
and the remaining Cu spins can still sustain the magnetic
excitations observed up to the overdoped regime.
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